Slowing down cold-induced sweetening (CIS) of potato (Solanum tuberosum) tubers is of economic importance for the potato industry to ensure high-quality products. The conversion of sucrose to reducing sugars by the acid invertase StvacINV1 is thought to be critical for CIS. Identification of the specific StvacINV1 inhibitor StInvInh2B and the a-and b-subunits of the interacting protein SUCROSE NONFERMENTING1-RELATED PROTEIN KINASE from the wild potato species Solanum berthaultii (SbSnRK1) has led to speculation that invertase activity may be regulated via a posttranslational mechanism that remains to be elucidated. Using bimolecular fluorescence complementation assays, this study confirmed the protein complex by pairwise interactions. In vitro kinase assays and protein phosphorylation analysis revealed that phosphorylation of SbSnRK1a is causal for StvacINV1 activity and that its active form blocks the inhibition of StInvInh2B by SbSnRK1b, whereas its inactive form restores the function of SbSnRK1b that prevents StInvInh2B from repressing StvacINV1. Overexpression of SbSnRK1a in CIS-sensitive potato confirmed that SbSnRK1a has significant effects on acid invertase-associated sucrose degradation. A higher level of SbSnRK1a expression was accompanied by elevated SbSnRK1a phosphorylation, reduced acid invertase activity, a higher sucrose-hexose ratio, and improved chip color. Our results lend new insights into a subtle regulatory mode of invertase activity and provide a novel approach for potato CIS improvement.
Slowing down cold-induced sweetening (CIS) of potato (Solanum tuberosum) tubers is of economic importance for the potato industry to ensure high-quality products. The conversion of sucrose to reducing sugars by the acid invertase StvacINV1 is thought to be critical for CIS. Identification of the specific StvacINV1 inhibitor StInvInh2B and the a-and b-subunits of the interacting protein SUCROSE NONFERMENTING1-RELATED PROTEIN KINASE from the wild potato species Solanum berthaultii (SbSnRK1) has led to speculation that invertase activity may be regulated via a posttranslational mechanism that remains to be elucidated. Using bimolecular fluorescence complementation assays, this study confirmed the protein complex by pairwise interactions. In vitro kinase assays and protein phosphorylation analysis revealed that phosphorylation of SbSnRK1a is causal for StvacINV1 activity and that its active form blocks the inhibition of StInvInh2B by SbSnRK1b, whereas its inactive form restores the function of SbSnRK1b that prevents StInvInh2B from repressing StvacINV1. Overexpression of SbSnRK1a in CIS-sensitive potato confirmed that SbSnRK1a has significant effects on acid invertase-associated sucrose degradation. A higher level of SbSnRK1a expression was accompanied by elevated SbSnRK1a phosphorylation, reduced acid invertase activity, a higher sucrose-hexose ratio, and improved chip color. Our results lend new insights into a subtle regulatory mode of invertase activity and provide a novel approach for potato CIS improvement.
Suc is essential for growth and development in higher plants. Invertase (EC 3.2.1.26; b-fructofuranosidase) is an enzyme that mediates the hydrolytic cleavage of Suc into hexose monomers to meet the plant's physiological requirements for carbohydrate transport, sugar signaling, and the stress response (Roitsch and González, 2004) . A great concern in potato (Solanum tuberosum) tubers is the accumulation of reducing sugars (RS) when tubers are stored at low temperature (normally less than 10°C), a process known as cold-induced sweetening (CIS). CIS enhances the Maillard reaction, which results in undesired browning of potato chips and acrylamide formation in processed products (Tareke et al., 2002) . The conversion of Suc into Glc and Fru has been reported to be one of the main pathways involved in potato CIS, and variation in the invertase activity of cold-stored tubers has been elucidated as a key factor determining the CISresistance level of potato (Cheng et al., 2004; Liu et al., 2011) .
The acid invertases, which localize to the cell wall or vacuole and cleave Suc most efficiently between pH 4.5 and 5, are more relevant to potato CIS than neutral/ alkaline invertases localized to the cytoplasm that cleave Suc most efficiently between pH 6.8 and 8 (Zrenner et al., 1996; Marian et al., 2005) . Potato has at least six acid invertase genes, four cell wall invertase genes, and two vacuolar invertase genes .
Among three acid invertase genes detected in potato tubers, the vacuolar invertase gene StvacINV1 was found to have the highest expression level and to be strongly induced by low temperature . Suppression of acid invertase activity by silencing StvacINV1 in potato resulted in a strong reduction of RS accumulation in cold-stored tubers, indicating that StvacINV1 activity is a major cause of CIS (Bhaskar et al., 2010; Liu et al., 2011; Wu et al., 2011) . However, the transcript abundance of StvacINV1 does not always correlate with RS content in cold-stored tubers (Matsuura-Endo et al., 2004; Liu et al., 2011) . These findings have led to the hypothesis of posttranslational regulation of StvacINV1 activity .
Since the early 1960s, invertase inhibitors have been postulated to modulate invertase activity (Schwimmer et al., 1961; Pressey, 1967) . With the molecular characterization of two tobacco (Nicotiana tabacum) invertase inhibitor genes in the 1990s, the regulatory role of invertase inhibitors has been supported (Greiner et al., 1998 (Greiner et al., , 1999 . Further research has grouped the invertase inhibitors into two families, the pectin methylesteraserelated proteins (PMEI-RPs), which share conserved domains with inhibitors of pectin methylesterase but have different functions (Hothorn et al., 2004) , and the Kunitz-type proteinase inhibitors (KPIs), which contain a Kunitz domain and are able to inhibit the activity of soluble tuber invertase (Glaczinski et al., 2002) . Overexpression of the representative for each type of inhibitor in transgenic potato plants revealed that they play similar roles but with varied levels in regulating potato CIS. Overexpression of a tobacco PMEI-RP gene, NtInvInh2, strongly reduced RS accumulation in potato tubers (Greiner et al., 1999) . Similarly but much more weakly, the expression of a potato KPI gene, StInh, showed less effect on acid invertase activity and RS accumulation than NtInvInh2 (Liu et al., 2013a) , implying that the PMEI-RPs may be more efficient than KPIs for repressing the acid invertase. There are two potato PMEI-RP invertase inhibitor genes, StInvInh2A and StInvInh2B, identified so far (Liu et al., 2010) . They are isoforms that play similar roles of specifically inhibiting StvacINV1 activity in potato; the StvacINV1 activity is strongly regulated by alterations of these inhibitors' expression in cold-stored tubers of the transgenic potatoes (Liu et al., 2013b) .
However, this negative relationship between invertase activity and StInvInh2 expression seems to be regulated by environmental factors, as we found no detectable variations of invertase activity in the potato tubers stored at 20°C (Liu et al., 2013a (Liu et al., , 2013b . Other reports also propose that the inhibitor expression may be regulated by both environmental and developmental signals and to be genotype dependent (Johnson and Ryan, 1990; Turrà et al., 2009 ). These results strongly suggest that the invertase activity could be modulated by a more complicated mechanism rather than only by a direct inhibition of its inhibitor.
SnRK1, a family of SUCROSE NONFERMENTING1 (SNF1)-related protein kinases, has been shown to be involved in Suc regulation and sugar signaling (Halford et al., 2011; O'Hara et al., 2013) . In plants, SnRK1 is a heterotrimeric enzyme similar to yeast (Saccharomyces cerevisiae) SNF1, which consists of a catalytic a-subunit (Ser/Thr kinase subunit), a regulatory b-subunit that is required for kinase function and confers substrate specificity, and an activating g-subunit (Davies et al., 1994; Mitchelhill et al., 1994; Jiang and Carlson, 1997; Bouly et al., 1999) . In yeast, an SNF1 knockout mutant is unable to induce invertase expression on Suc-containing medium (Celenza and Carlson, 1986) , and potato SnRK1 is able to complement this mutation (Alderson et al., 1991) . More relevantly, overexpression of SnRK1 is able to decrease the Glc content of potato tubers (McKibbin et al., 2006) . Using the yeast two-hybrid (Y2H) system, we previously showed that StvacINV1 directly interacts with the potato SnRK1 a-subunit while StInvInh2B binds to the potato SnRK1 b-subunit (Lin et al., 2013) . These results imply that SnRK1 may interact with StvacINV1 and StInvInh2B and play an important role in regulating invertase activity.
Little information is available for how SnRK1 acts on invertases or invertase inhibitors. The knowledge we have to date is that SnRK1 can transfer phosphate groups to target proteins, thereby altering their function (Manning et al., 2002) . Several target proteins have been described, such as 3-hydroxy-3-methylglutaryl-CoA reductase (Ball et al., 1995; Barker et al., 1996) , nitrate reductase (Douglas et al., 1997; Sugden et al., 1999b) , sucrose phosphate synthase (SPS; Sugden et al., 1999b) , trehalose phosphate synthase5 (Harthill et al., 2006) , 6-phosphofructo-2-kinase/Fru-2,6-bisphosphatase (Kulma et al., 2004) , the barley (Hordeum vulgare) heat shock protein BHSP17, and the transcription factor FUSCA3 (Tsai and Gazzarrini, 2012) , but no evidence has yet been obtained showing that SnRK1 phosphorylates invertases or invertase inhibitors.
Here, based on the cloning and functional assessment of the wild potato (Solanum berthaultii) SnRK1 gene SbSnRK1 and confirmation of the interactions between the two subunits of SbSnRK1, StInvInh2B and StvacINV1, we report the subtle regulatory mode of potato invertase activity by the invertase-regulation protein complex (IRPC) composed of StvacINV1, StInvInh2B, and SbSnRK1. The inhibition of StvacINV1 by StInvInh2B is blocked by SbSnRK1b and is restored by the phosphorylated form of SbSnRK1a. Inactivated SbSnRK1a is thus critical to maintain invertase activity for promoting potato CIS.
RESULTS

Cloning of the SbSnRK1a and SbSnRK1b Genes
By means of Y2H screening, we previously captured two clones from potato tubers encoding the deduced C-terminal parts of the a-and b-subunits of SnRK1. The a-subunit was found to bind to StvacINV1, while the b-subunit bound to StInvInh2B (Lin et al., 2013) . Based on the complete sequences of StubSNF1 (a-subunit of potato SnRK1) and StubGal83 (b-subunit of potato SnRK1), full-length coding sequences of these two subunits were amplified from S. berthaultii complementary DNA (cDNA) using the primer pairs SbSnRK1a-F/R and SbSnRK1b-F/R (Supplemental Table S1 ). The sequence of the former shares 97% identity with StubSNF1 and is designated SbSnRK1a, and that of the latter shares 98% identity with StubGal83 and is designated SbSnRK1b. Similar sequences were also amplified from the potato 'E-Potato 3' (E3) and are respectively designated StSnRK1a and StSnRK1b. The deduced SbSnRK1a protein contains 514 amino acids, which is identical to the deduced StSnRK1a protein (Supplemental Fig.  S1 , A and C), including a conserved kinase domain in the N terminus, an internal ubiquitin-associated domain, an autoinhibitory sequence domain, and a b-subunit interaction domain that is considered responsible for b-subunit binding and the formation of the SnRK1 complex (Ghillebert et al., 2011; Supplemental Fig. S1B ). Phylogenetic analysis revealed that SbSnRK1a belongs to the same clade as potato StubSNF1 and Capsicum annuum SnRK1 (Supplemental Fig. S1C ). The deduced protein sequence of SbSnRK1b has 289 amino acids (Supplemental Fig. S1D ) harboring an N-terminal glycogen-binding domain and a C-terminal domain of association with the SNF1 complex (Supplemental Fig. S1E ). The protein is clustered in the same clade as potato and tomato (Solanum lycopersicum) Gal83s (Supplemental Fig. S1F ). To confirm in-plant protein-protein interactions between the target proteins previously identified, bimolecular fluorescence complementation (BiFC) was conducted in the tobacco 'Bright Yellow 2' (BY-2) cell line. For this assay, individual full-length genes encoding StvacINV1, StInvInh2B, SbSnRK1a, and SbSnRK1b were fused to fragments encoding the Nor C-terminal part of the yellow fluorescent protein (YFP). Protein interactions were monitored by detecting YFP fluorescence of the coexpressed candidate proteins fused either to the C-or N-terminal part of YFP. The results verified the interactions between SbSnRK1a and SbSnRK1b, the two subunits of the potato SnRK1 protein (Fig. 1A) , and between StvacINV1 and StInvInh2B, the specific counterparts in potato tubers (Fig. 1B) . Notably, both StvacINV1 and StInvInh2B interacted with each of the two SbSnRK1 subunits (Fig.  1 , C-F), demonstrating that these proteins are likely to bind together to exert their biological function. The specificity of the BiFC assay was tested by including negative controls. PKIN1, the a-subunit of one of the two potato SnRK1s (Man et al., 1997) that was not identified to interact with StvacINV1 in our previous Y2H assay (Lin et al., 2013) , did not show a detectable florescence signal when coexpressed with StvacINV1 (Fig. 1G ). In addition, no florescence signals were observed when the selected genes were expressed alone ( Fig. 1, H-L) . These results confirm in plant cells the protein complex composed of StvacINV1, StInvInh2B, and SbSnRK1. This protein complex was reinforced by subcellular localization of each component in tobacco leaf cells. Fulllength StvacINV1, StInvInh2B, SbSnRK1a, and SbSnRK1b genes were separately fused to red fluorescent protein (RFP). The subcellular location was indicated by coexpression of g-tonoplast intrinsic protein from Arabidopsis (Arabidopsis thaliana; gTIP) that was fused to the N terminus of GFP (Nelson et al., 2007) . The results showed that SbSnRK1a and SbSnRK1b were localized to the vacuolar membrane, the same as gTIP (Fig. 2, A and B), while StvacINV1 was in the vacuole ( Fig. 2C) and the florescence signals of StInvInh2B were detected in both the membrane and inside of the vacuole (Fig. 2D ). These observations suggested that SbSnRK1 could be a specific form with vacuolar membrane localization to confer physiological functions by forming a protein complex with StvacINV1 and StInvInh2B at the membrane or inside of the vacuole in plant cells.
The Inhibitory Function of StInvInh2B on StvacINV1 Can Be Blocked by SbSnRK1b
Although binding among StvacINV1, StInvInh2B, and SbSnRK1 could be established, their roles in the complex still remain elusive. To gain insight into their potential relationships, StvacINV1, StInvInh2B, SbSnRK1a, and SbSnRK1b proteins were separately expressed in vitro and purified (Fig. 3) . Subsequently, StvacINV1 was mixed with all possible combinations of StInvInh2B, SbSnRK1a, and SbSnRK1b, and StvacINV1 activity was measured (Table I ). The results showed that StvacINV1 activity remained unaltered if the protein was mixed with SbSnRK1a or SbSnRK1b (Table I, nos. 2-4), indicating that SbSnRK1a and SbSnRK1b do not directly impact StvacINV1 activity either individually or collectively. In contrast, StInvInh2B reduced StvacINV1 activity to 42.2% of the original (Table I, no. 5). This reduction was maintained when SbSnRK1a was added (Table I, no. 6), suggesting that SbSnRK1a may not directly affect StInvInh2B. However, adding SbSnRK1b to StvacINV1 + StInvInh2B or to StvacINV1 + StInvInh2B + SbSnRK1a, the activity of StvacINV1 was not affected by StInvInh2B (Table I , nos. 7 and 8), revealing that the inhibitory function of StInvInh2B on StvacINV1 is blocked specifically by SbSnRK1b.
A dosage effect of SbSnRK1b on the function of StInvInh2B was further demonstrated in vitro (Fig. 4) . In the presence of sufficient recombinant StInvInh2B protein, the residual activity of recombinant StvacINV1 increased from approximately 42% to 100% as the concentration of SbSnRK1b increased from 0 to 100 ng mL
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. A very significant linear relationship was established between the SbSnRK1b concentration and the residual StvacINV1 activity (r 2 = 0.9855), reinforcing that SbSnRK1b is the subunit of SbSnRK1 protein that interacts directly with StInvInh2B and suppresses its inhibition of StvacINV1.
Phosphorylation of SbSnRK1a Restores StInvInh2B Function by Counteracting SbSnRK1b
As a putative kinase, the function of SbSnRK1 could be achieved by phosphorylating its substrates or by some unknown mechanism. To elucidate whether SbSnRK1a could phosphorylate its counterparts in the protein complex, a phosphorylation assay in the presence of SbSnRK1a and g-32 P-labeled ATP was carried out. Because the substrates were hardly phosphorylated by the full-length SbSnRK1a (data not shown), the assay used two fragments of SbSnRK1a, the KD region and the KUD region. While SAMS (HMRSAMSGLHLVKRR), a specific and sensitive substrate peptide for SnRK1 (Man et al., 1997) , was phosphorylated by both KD and KUD, no phosphorylation of SbSnRK1b, StvacINV1, or StInvInh2B was detected (Fig. 3 ). These results demonstrate that SbSnRK1a is unable to phosphorylate StvacINV1, StInvInh2B, or SbSnRK1b.
This finding was confirmed by protein phosphorylation analysis using liquid chromatography-tandem mass spectrometry (LC-MS/MS) with protein mixtures containing Geminivirus Replication-Interacting Kinase1 (GRIK1) from Arabidopsis, a kinase reported to be upstream of the SnRK1 a-subunit (Shen and Hanley-Bowdoin, 2006) , and all known components of the protein complex (SbSnRK1b, StvacINV1, StInvInh2B, and full-length SbSnRK1a or the KD or KUD fragment). Although Ser and Thr phosphorylation sites were identified in the phosphorylated sequences of SbSnRK1a (Thr-175 and Ser-176) and GRIK1 , no phosphorylation sites were found in StvacINV1 or StInvInh2B (Supplemental Table S2 ). Together, our results indicate that SbSnRK1b, StvacINV1, and StInvInh2B are not phosphorylation substrates of SbSnRK1a.
Based on the findings above, we hypothesized that the phosphorylation status of SbSnRK1a may be essential for a diametrical function in the protein complex. As shown in Figure 3 , radioactive signals were detected from the two SbSnRK1a fragments, suggesting that they were phosphorylated by GRIK1. Further investigations were carried out to clarify whether phosphorylated SbSnRK1a has impacts on StvacINV1 activity and by which mechanism it may exert its function. StvacINV1 was incubated in all possible combinations with StInvInh2B, SbSnRK1a, and the KD and KUD fragments of SbSnRK1a and SbSnRK1b in the presence or absence of GRIK1. The results showed that, in the absence of StInvInh2B, none of the above proteins could affect the activity of StvacINV1, whether or not GRIK1 was added, implying that phosphorylated SbSnRK1a alone, or in the presence of SbSnRK1b, has no influence on the StvacINV1 activity (Table II) . The results further demonstrated that the inhibitory effect of StInvInh2B on StvacINV1 activity that was blocked by SbSnRK1b could be restored by adding phosphorylated SbSnRK1a or its phosphorylated KD or KUD fragment (Table II) . This finding was confirmed by the results shown in Figure 5 . In protein mixtures with recombinant StvacINV1, StInvInh2B, and SbSnRK1b, a linear decrease in StvacINV1 activity was observed with increasing amounts of phosphorylated SbSnRK1a (r 2 = 0.9781), whereas no obvious changes occurred when adding nonphosphorylated SbSnRK1a.
The amino acid Thr at position 175 was reported to be a phosphorylation site in Arabidopsis SNF1-related protein kinase catalytic subunit alpha KIN10 (Sugden et al., 1999a) . The same site was detected in SbSnRK1a in our research here (Supplemental Table S2 ). In addition, the amino acid Ser at position 176 was also detected as another phosphorylation site (Supplemental Table S2 ). To identify phosphorylation sites of SbSnRK1a, Thr-175 and Ser-176 were mutated to Ala separately and simultaneously, and the derived mutants were denoted SbSnRK1a T175A , SbSnRK1a S176A , and SbSnRK1a T175A/S176A , respectively. The mutant proteins were expressed in Escherichia coli as glutathione S-transferase (GST) fusion proteins and used in the StvacINV1 enzyme activity assay. The results indicated that neither SbSnRK1a T175A nor SbSnRK1a
T175A/S176A was able to restrict the function of SbSnRK1b when GRIK1 was present (Supplemental Table S3 , nos. 8 and 10) compared with wild-type SbSnRK1a (Supplemental Table S3 , no. 4). Although SbSnRK1a S176A partially repressed the function of SbSnRK1b (Supplemental Table S3 , no. 7), the invertase activity was significantly lower than that of SbSnRK1a T175A , demonstrating that Thr-175 is a main phosphorylation site of SbSnRK1a and reinforcing the idea that phosphorylation of SbSnRK1a is a prerequisite for the protein complex that blocks the function of SbSnRK1b, which in turn impacts invertase activity.
SbSnRK1a Phosphorylation Plays Critical Roles in Potato CIS
To test whether SbSnRK1a plays a significant role in the plant and to study its impact on potato CIS, the SbSnRK1a gene was transformed into the CIS-sensitive potato cv E3 by Agrobacterium tumefaciens-mediated overexpression and RNA interference. In total, five overexpression lines and four RNA interference lines were obtained. The SbSnRK1a transcripts of the overexpression tubers were 1.13-to 3.07-fold higher than wild-type tubers before storage, while those of the RNA interference tubers were 46% to 75% lower (Fig.  6A, 0D ). These differences were increased when the tubers were stored at 4°C for 30 d (Fig. 6A, 4C30D ). After cold storage, the invertase activity in all overexpression tubers was reduced by 83% to 95%, while it was increased by 30% to 100% in the RNA interference tubers (Fig. 6B) . SbSnRK1a transcript levels in coldstored transgenic tubers showed a negative correlation with invertase activity that can be represented by y = 0.0512x 20.971 (r 2 = 0.9601), where y is invertase activity (ng Glc min 21 g 21 fresh weight) and x is the relative expression level of the SbSnRK1a gene (Fig.  6C) . Accordingly, chip color of the overexpression tubers was obviously lighter, while that of the RNA interference tubers was darker than untransformed E3 after storage at 4°C for 15 or 30 d (Fig. 6D) . These results suggest that the transcriptional elevation of SbSnRK1a markedly improved chip color by suppressing invertase activity.
Based on transcript abundance, four extreme transgenic lines, two overexpression lines (OE-3 and OE-8) and two RNA interference lines (Ri-1 and Ri-5), were selected to analyze the level of SbSnRK1a phosphorylation. All of the transgenic lines showed normal plant morphology and tuber development under greenhouse conditions (Supplemental Fig. S2) . Semiquantifying phosphorylation signals in western-blot analysis with phospho-specific SnRK1 antibodies revealed that the SbSnRK1a phosphorylation level was higher by 1.6-to 2.4-fold in cold-stored tubers of the two overexpression lines compared with cv E3. This phosphorylation could hardly be detected in the RNA interference tubers, whereas the phosphorylation of PKIN1 (the a-subunit of another potato SnRK1 protein) was observed in all of the tubers and was even very abundant in one of the two RNA interference lines (Fig. 7) . The results indicate that the phosphorylation intensity of SbSnRK1a is likely proportional to its transcript abundance, and it could be causal for alteration of the invertase activity in potato tubers.
To elucidate if other carbohydrate pathways are influenced by SbSnRK1a, the tubers from the transgenic and wild-type plants were sampled for analysis of the transcripts and enzyme activities of ADP-glucose pyrophosphorylase (AGPase), sucrose synthase (SS), and SPS. Moreover, steady-state levels of 22 metabolites of different carbohydrate pathways were monitored, including Suc, reducing sugars, UDP-Glc, D-Fru-6-P, and Suc-6(F)-P (Supplementary Table S4) . No large differences were detected in either the transcript abundance or the activity of AGPase, SS, or SPS (Supplemental Fig. S3 ), indicating that SbSnRK1a does not influence the activity of these enzymes in potato tubers. Metabolite analysis revealed that reducing sugars were lower in cold-stored overexpression tubers and higher in RNA interference tubers compared with wild-type cv E3 (Supplemental Table S5 ), which is in accordance with the invertase activity levels illustrated in Figure 6B . When stored at 4°C, a significantly higher Suc-RS ratio was observed in the overexpression tubers, whereas this ratio was remarkably lower in the RNA interference tubers when compared with the wild type (Fig. 8 ). There were no notable differences or regular trends observed in other metabolites analyzed when comparing the transgenic lines with the control cv E3 (Supplemental Table  S4 ), demonstrating that SbSnRK1a is primarily associated with acid invertase-catalyzed Suc degradation in cold-stored potato tubers.
DISCUSSION
A Protein Complex of StvacINV1-StInvInh2B-SbSnRK1 Is Identified in Potato Tubers
Despite vital roles of StvacINV1 in Suc metabolism and stress responses, the precise regulatory mechanism of StvacINV1 activity is still elusive. We previously hypothesized that an StvacINV1-StInvInh2B-SbSnRK1 complex may regulate the activity of StvacINV1, because StInvInh2B is a counterpart of StvacINV1 (Liu et al., 2013b ) and the two subunits of SbSnRK1 interact separately with StvacINV1 and StInvInh2B (Lin et al., 2013) . In this study, an in vivo BiFC assay in tobacco cells confirmed all possible pairwise interactions between SbSnRK1a, SbSnRK1b, StvacINV1, and StInvInh2B (Fig. 1) . The subcellular location of the counterparts suggests that the protein complex is most likely formed in the vacuole membrane and inside the vacuole (Fig. 2) , where Suc is converted into reducing sugars by vacuolar invertase in potato tubers. Notably, SbSnRK1 could be another specific form of plant SnRK1s, with vacuolar membrane location where it can exert its function, in addition to the cytosolic type of SnRK1 for overall energy homeostasis (Williams et al., 2014) . To our knowledge, this is the first report providing evidence for the existence of the StvacINV1-StInvInh2B-SbSnRK1 complex in planta.
StvacINV1 Activity Is Subtly Regulated by StInvInh2B and SbSnRK1
The mode of action of SbSnRK1 seems to be different from that of other reported SnRK1 proteins. As is well known, Snf1 in yeast, AMP-activated protein kinase in mammals, and SnRK1 in plants possess kinase cascades for the phosphorylation of their substrates. Once activated, broad ranges of downstream substrates are phosphorylated that affect cellular stress responses (Baena-González and Sheen, 2008; Carling et al., 2012) . However, in our research here, both the kinase assay including the autoinhibitory sequence domain truncation that prevents SbSnRK1a from phosphorylating substrates and protein phosphorylation analysis provide evidence that, although the kinase subunit SbSnRK1a interacts with StvacINV1 and StInvInh2B (Fig. 1) , neither is a phosphorylation substrate of SbSnRK1a ( Fig. 3 ; Supplemental Tables S2 and S3 ). Instead, the phosphorylation status of SbSnRK1a fine-tunes StvacINV1 activity in coordination with SbSnRK1b and StInvInh2B.
Each counterpart of a protein complex has a unique function in an interrelated, interactive, and mutually checking manner. Our results reveal that StvacINV1 activity is directly inhibited by StInvInh2B (Table I) , which confirms our previous finding that these two proteins specifically interact in potato tubers (Liu et al., 2013b) . Our findings are also in accordance with other reports that overexpression of an invertase inhibitor in potato tubers reduces acid invertase activity (McKenzie et al., 2013) , suggesting posttranslational regulation of invertase activity (Liu et al., 2013a) . In fact, invertase inhibitors coexist with invertases widely in plant cells (Liu et al., 2010 ; therefore, it is worth investigating how invertase activity can be released in the competition with its inhibitor for developmental and stress responses.
Our research substantially elucidates that SbSnRK1b restrains StInvInh2B to promote StvacINV1 (Table I) . Ingeniously, the phosphorylation of SbSnRK1a deactivates SbSnRK1b to restore the inhibition of StvacINV1 by StInvInh2B (Table II) . The linear relationships established in the protein competition assays by plotting the residual activity of StvacINV1 against the levels of SbSnRK1b (Fig. 4) and phosphorylated SbSnRK1a (Fig.  5) prove that the inhibitory factors in these pairwise races are superior to their opponents in the protein complex. Our results further reveal that Thr-175 of SbSnRK1a is a dominant site for phosphorylation by the upstream kinase, although mutation of the Ser at position 176 also partially restores the function of StInvInh2B (Supplemental Table S3 ). This finding is in agreement with a report that the corresponding Thr residue in the SnRK1 activation loop (Thr-175) is the only residue phosphorylated by the GRIKs (Shen et al., 2009) .
The evidence gained so far indicates a subtle mode of StvacINV1 activity regulation by a complex consisting of StvacINV1, StInvInh2B, SbSnRK1a, and SbSnRK1b, which can be denoted as the IRPC (Fig. 9) . Without phosphorylation, SbSnRK1 acts as a negative regulator of the invertase inhibitor StInvInh2B. Once phosphorylated, SbSnRK1 switches to become a positive regulator of StInvInh2B. A similar conclusion was drawn that SnRK1 might have a role as a positive or negative regulator of starch synthesis depending on the levels of different metabolites and tissue type (O'Hara et al., 2013) . The paradox created by these two apparently incompatible roles of SnRK1 might be resolved by differential effects of Suc compared with Glc and other hexoses (Halford and Hey, 2009) . Intimate cooperation between the a-, b-, and g-subunits is considered essential for this heterotrimeric enzyme's function (Ghillebert et al., 2011) . This type of subunit/protein behavior in complex assembly was recently reported to be important for biological function (Marsh et al., 2013) . Our results clearly demonstrate that, within the IRPC, StvacINV1 activity is finely controlled by the phosphorylation status of SbSnRK1a and its subsequent impacts on SbSnRK1b for the roles of StInvInh2B.
SbSnRK1a Plays Vital Roles in Potato CIS through Regulating Invertase Activity
SnRK1 in plants is considered to be a global regulator of metabolism, controlling energy-conserving processes and the remobilization of alternative energy sources, Figure 9 . Proposed mode of Suc degradation regulated by the IRPC composed of StvacINV1, StInvInh2B, and the two subunits of SbSnRK1 (SbSnRK1a and SbSnRK1b). Absent SbSnRK1a phosphorylation, the inhibitory function of StInvInh2B is blocked by SbSnRK1b (blue line) and StvacINV1 is able to catalyze Suc cleavage. Once phosphorylated by an upstream kinase, SbSnRK1a restores StInvInh2B function by counteracting SbSnRK1b (orange lines) and the Suc cleavage catalyzed by StvacINV1 is prevented. The dashed circle represents a potential SbSnRK1 g-subunit that has not been identified in potato. Table S5 . *, P , 0.05; **, P , 0.01 by Student's t test.
including Suc, starch, cell wall compounds, amino acids, and lipids (Ghillebert et al., 2011) . As reviewed by Halford and Hey (2009) , SnRK1 functions to control metabolism at multiple levels by phosphorylating and inactivating many enzymes, such as 3-hydroxy-3-methylglutaryl-CoA reductase, SPS, nitrate reductase, trehalose-phosphate synthase, and 6-phosphofructo-2-kinase/Fru-2,6-bisphosphatase. In potato, antisense expression of PKIN1 was found to decrease the expression of SS in tubers and eliminate the Suc inducibility of SS transcripts in leaves (Purcell et al., 1998) . It was also observed that starch synthesis is higher in PKIN1-overexpressing potato tubers (McKibbin et al., 2006) . Although SnRK1 is thought to be associated with plant responses to environmental stresses, little is known about how SnRK1 impacts sugar levels in potato tubers exposed to low temperature, an efficiency measure taken to prevent serious economic loss in stored industrial raw materials and in which the SnRK1 metabolic pathway is implicated.
Here, the results suggested that, in cold-stored potato tubers, enhancing the expression of SbSnRK1a may promote a higher SbSnRK1a phosphorylation level, which results in an obvious decline in the accumulation of reducing sugars ( Fig. 7 ; Supplemental Table S5 ). This reduction was related to a high Suc-RS ratio (Fig. 8) in concert with lower invertase activity (Fig. 6B) . Our results further indicated that SbSnRK1a was involved neither in the starch synthesis and Suc pathways associated with SS and SPS nor in other carbon fluxes (Supplemental Fig. S3 ; Supplemental Table S4 ). These findings strongly suggest that, unlike the PKIN1 form that controls SS and AGPase gene expression and therefore starch synthesis, SbSnRK1 plays critical roles in potato CIS, mainly through altering invertase activity to modulate Suc cleavage.
As a component of a heterotrimeric kinase, the g-subunit of SNF1/AMPK/SnRK1 is considered to be a regulatory subunit that responds to energy balance (Polge and Thomas, 2007) . In plants with different b-subunits, g-subunit isoforms were reported to exhibit similar expression patterns during development and upon stress (Bouly et al., 1999; Buitink et al., 2004) . However, the potato SnRK1 g-subunit has not been characterized. We also failed to identify its interaction with either StvacINV1 or StInvInh2B in the Y2H system (Lin et al., 2013) . Indeed, two tandem transcripts putatively encoding SnRK1 g-subunit proteins (PGSC0003DMT400039410 and PGSC0003DMT400039411) can be aligned in the Potato Genome Sequencing Consortium database (http:// potato.plantbiology.msu.edu/cgi-bin/annotation_report. cgi). Therefore, its potential roles in the heterotrimeric kinase SbSnRK1, particularly in the IRPC for invertase regulation, deserve further investigation.
CONCLUSION
This research provides insight into a mechanism of subtle regulation of invertase activity in cold-stored potato tubers by the IRPC. The phosphorylation status of SbSnRK1a is a determinant of invertase activity. Activated SbSnRK1a suppresses SbSnRK1b, thereby releasing the StvacINV1 inhibitor StInvInh2B, by which potato CIS resistance can be significantly improved.
MATERIALS AND METHODS
Gene Cloning and Vector Development
The primers used for subcloning and plasmid construction are given in Supplemental Table S1 . The plasmids used in this study are listed in Supplemental Table S6 .
Based on complete nucleotide sequences of potato (Solanum tuberosum) StubSNF1 and StubGal83, full-length SbSnRK1a and SbSnRK1b were amplified from CIS-resistant wild potato species Solanum berthaultii cDNA with specific primer pairs (Supplemental Table S1 ).
To identify specific interaction in the BiFC assay, PKIN1 (a member of the potato SnRK1 a-subunit gene family) was cloned from S. berthaultii cDNA with the primers listed in Supplemental Table S1 .
For the construction of SbSnRK1a mutant expression vectors, site-directed mutagenesis was performed to alter the SbSnRK1a Thr-175 triplet ACA to the Ala-coding triplet GCA, the SbSnRK1a Ser-176 triplet AGT to the Ala-coding triplet GCT, and both Thr-175 and Ser-176 to Ala to obtain the mutants SbSnRK1a T175A , SbSnRK1a S176A , and SbSnRK1a T175A/S176A , respectively. The single-base mutations were generated by overlapping PCR (Tao et al., 2002) using the complementary primer pairs listed in Supplemental Table S1 . For SnRK1 kinase analysis, GRIK1 (Arabidopsis [Arabidopsis thaliana] calcium/calmodulin-dependent protein kinase [NM_001203084]; Shen and Hanley-Bowdoin, 2006) was cloned from Arabidopsis leaf cDNA and subcloned into an expression vector to produce the upstream kinase of SbSnRK1a using the primer pair listed in Supplemental Table S1 . At the same time, a SAMS peptide (HMRSAMSGLHLVKRR, a specific and sensitive substrate peptide for SnRK1; Man et al., 1997) was employed as a specific substrate for SbSnRK1a.
BiFC
To confirm the protein complex in vivo, pairwise interactions between StvacINV1, StInvInh2B, SbSnRK1a, and SbSnRK1b were tested in tobacco (Nicotiana tabacum 'Bright Yellow 2') cells using the BiFC assay (Walter et al., 2004) . For vector construction, full-length counterpart genes were cloned and inserted into the BamHI/KpnI restriction site of the BiFC vectors pUC-SPYNE/ pSPYNE-35S and pUC-SPYCE/pSPYCE-35S. Each fusion construct was verified by sequencing. The pairwise vectors were then transformed into cv BY-2 cells by particle bombardment as described (Xu et al., 2007) . The fluorescence detection and recording were carried out as described (Lin et al., 2013) .
Subcellular Localization
To analyze protein subcellular localization in vivo, StvacINV1, StInvInh2B, SbSnRK1a, and SbSnRK1b were fused with RFP, and the vacuole membrane marker gTIP was fused with GFP. For vector construction, the open reading frame of SbSnRK1a and SbSnRK1b with termination codon and gTIP without termination codon were amplified with specific primers (Supplemental Table  S1 ), PCR products were purified and recombined into pDONR221 (Invitrogen) to generate entry clones via attB 3 attP reactions using Gateway technology (Invitrogen), N-terminal RFP fusions RFP-SbSnRK1a and SbSnRK1b were made by recombining the entry clones using LR Clonase (Invitrogen) with pK7WGR2, and the C-terminal GFP fusion gTIP-GFP was with pK7FWG2. To generate C-terminal RFP fusions of StvacINV1 and StInvInh2B-RFP, fulllength StvacINV1 and StInvInh2B without termination codon were amplified with specific primers (Supplemental Table S1 ), cloned into pJCV55 obtained by restriction with BglII using Exnase II (Vazyme), and then transformed into the Agrobacterium tumefaciens strain GV3101 containing each construct. The A. tumefaciens harboring RFP-SbSnRK1a, RFP-SbSnRK1b, StvacINV1-RFP, or StInvInh2B-RFP together with A. tumefaciens harboring gTIP-GFP were infiltrated into the leaves of six-leaf-stage Nicotiana benthamiana plants. Two days after incubation, fluorescence was analyzed by Axio Observer A1 (Zeiss) according to its instructions.
Protein Expression and Purification
To analyze protein function in vitro, all of the recombinant proteins fused with a GST tag were expressed in the Escherichia coli prokaryotic expression system. Eight target proteins, GRIK1, SbSnRK1b, SbSnRK1a, SbSnRK1a partial regions KD (amino acids 1-271) and KUD (amino acids 1-329), and the three SbSnRK1a mutants, SbSnRK1a T175A , SbSnRK1a S176A , and SbSnRK1a T175A/S176A
, were employed. For fusion expression vector construction, the coding sequences of the target genes were individually inserted into the BamHI-XhoI sites of the prokaryotic expression vector pGEX-6p-1. The SAMS-pGEX plasmid (Shen et al., 2011) was kindly provided by Zhou Xueping.
Recombinant proteins were produced in E. coli BL21 (DE3) induced with 0.01 mM isopropyl b-D-thiogalactoside for 4 h at 16°C. Bacterial cells collected from 2 L of medium were disrupted by sonication. The GST-fused proteins were purified using GST-binding Glutathione Sepharose 4B resin (GE Healthcare) according to the manufacturer's protocol. The StvacINV1 and HisStInvInh2B recombinant proteins were produced previously (Liu et al., 2013b) .
StvacINV1 Enzyme Activity Analyses in Vitro
To clarify the effects of SbSnRK1 on StvacINV1 and StInvInh2B, the residual activity of StvacINV1 was measured after mixing with different proteins. Based on the kinase characteristics of SbSnRK1a, two buffers were used after protein concentration homogenization. The first was 0.013 PBS buffer (135 mM NaCl, 2.7 mM KCl, 1.5 mM KH 2 PO 4 , and 8 mM K 2 HPO 4 , pH 7.5), which does not supply energy for kinase activation. StvacINV1 protein was mixed with other recombinant proteins in this buffer and incubated under 30°C for 1 h. Then, 53 invertase reaction buffer (30 mM NaAc, pH 4.7, and 30 mM Suc) was added before incubation at 37°C for 1 h. The invertase activity was measured in mg reducing sugar min 21 mg 21 invertase as described (Liu et al., 2010) . After adding 3,5-dinitro salicylic acid solution in equal volume to the sample solution, the mixture was boiled at 95°C for 5 min and the absorbance rate was determined at 540-nm wavelength. The second was a kinase reaction buffer (50 mM Tris-HCl, pH 7.5, 10 mM MgCl 2 , 1 mM ATP, and 1 mM dithiothreitol) that supplied ATP to the kinase activation. With this buffer, all of the steps were similar to those with the first buffer.
The effect of SbSnRK1b on StInvInh2B was monitored in the first 0. SnRK1 Kinase Assay Involving g-
P-Labeled ATP
To assay whether SbSnRK1a could phosphorylate StvacINV1 and StInvInh2B in vitro, a kinase assay involving g-32 P-labeled ATP was performed as described (Shen et al., 2011) , with minor modifications. Purified proteins including recombinant GRIK along with the KD and KUD fragments of SbSnRK1a were coincubated with other recombinant proteins in kinase reaction buffer (mentioned above) in a total volume of 20 mL. The SnRK1 substrate GST-SAMS was used as a positive control. Reactions were initiated by the addition of 5 mCi of [g-32 P]ATP and transferred to 30°C for 1 h. Loading buffer (63 SDS, 4 mL) was added to terminate the reaction. After boiling at 95°C for 5 min, proteins were separated on a 10% SDS-PAGE gel followed by staining with Coomassie Brilliant Blue R-250 (Takara). Radioactive signals were visualized through autoradiography.
Protein Phosphorylation Analysis Using LC-MS/MS
To reconfirm the SnRK1 kinase assay results and identify the phosphorylation sites of the target proteins, protein phosphorylation analysis by LC-MS/MS was carried out as reported (Zhou et al., 2001 ) at Shanghai Applied Protein Technology. For this assay, three protein mixtures were used. The first mixture was composed of recombinant GRIK1 and all proteins (SbSnRK1a, SbSnRK1b, StvacINV1, and StInvInh2B) of the IRPC, and the other two contained the same proteins but SbSnRK1a was replaced by recombinant KD or KUD.
Protein digestion was performed according to the filter-assisted sample preparation procedure described by Wi sniewski et al. (2009) . Then, electrospray ionization-LC-MS/MS analysis was performed on a Q Exactive mass spectrometer that was coupled to an Easy nLC (Proxeon Biosystems [now part of Thermo Fisher Scientific]). For sequence database searching and data analysis, tandem mass spectra were searched using the MASCOT engine (Matrix Science; version 2.2) against the Uniprot potato database (2,826 sequences; download January 14, 2012) as described (Olsen et al., 2006; Cox and Mann, 2008) . For protein identification, the following options were used: peptide mass tolerance, 20 ppm; tandem mass spectrometry tolerance, 0.1 D; enzyme, trypsin; missed cleavage, 2; fixed modification, carbamidomethyl (Cys); variable modification, oxidation (Met); phosphorylation (Ser, Thr, and Tyr); and decoy database pattern, reverse. All reported data were based on 99% confidence for protein identification as determined by a false discovery rate of 1% or less.
Plant Transformation
To construct the class I patatin promoter::SbSnRK1a overexpression vectors, the open reading frame of SbSnRK1a obtained by restriction with BamHI and SacI was subcloned in the sense orientation into the binary vector pBI121 containing the class I patatin promoter (Zhu et al., 2008) . To construct the 35S:: SbSnRK1a RNA interference vector, a 250-bp fragment starting from 781 bp downstream of the start codon was amplified from the SbSnRK1a cDNA with specific primers (Supplemental Table S1 ). It is expected that the deduced construct would bring about posttranscriptional gene silencing of only SbSnRK1a, because this fragment is specific for SbSnRK1a and not PKIN1. The amplified PCR products were purified using the QIA Quick PCR Purification Kit (Qiagen), gel verified, and cloned into the pENTR/D cloning vector (Invitrogen). The fragment was subcloned into the pHellsGate8 vector by a recombination method (Helliwell et al., 2002) . Sequences in the recombinant pHellsGate8-SbSnRK1a plasmid were confirmed by restriction digestion (XhoI and XbaI), and the inserts were sequenced to ensure that the SbSnRK1a sequences recombined in the correct sense and antisense orientations. Both the overexpression and RNA interference constructs were introduced into Agrobacterium tumefaciens strain LBA4404 and transformed into the commercial CIS-sensitive potato cv E3 by A. tumefaciens-mediated transformation as described previously (Si et al., 2003) . The regenerated plants were designated as OE and Ri lines to represent overexpression and RNA interference silencing of SbSnRK1a, respectively.
Plant Growth and Tuber Treatments
Transgenic and wild-type plants, 36 of each, were grown in pots of 24-cm diameter in a greenhouse at 18°C to 25°C at the National Centre for Vegetable Improvement (Central China), Huazhong Agricultural University (Wuhan, China). When the leaves had senesced naturally, the tubers were harvested. Mature tubers of similar size (approximately 5-7 cm in diameter) were taken from each transgenic line and the corresponding wild-type control. They were kept in the dark at 20°C for 10 d for skin set and then divided into two sets; one set was stored at 4°C, and the other was stored at 20°C to serve for comparison. Six tubers were sampled from each transgenic and control line of the two sets after 0, 15, and 30 d of storage. Each sampled tuber was cut into two equal parts. One part was used for chipping, and the other was frozen in liquid nitrogen and stored at 280°C for molecular and biochemical analyses.
Quantitative RT-PCR, Enzyme Activities, Sugar Content, Western Blotting, Chipping, and Metabolite Analysis For SbSnRK1 phosphorylation, frozen samples were homogenized and incubated in lysis buffer (137 mM NaCl, 2.7 mM KCl, 10 mM Na 2 HPO 4 , 2 mM KH 2 PO 4 , pH 7.5, 1 mM EDTA, 0.05% [v/v] Triton X-100, 1:500 protease inhibitor cocktail [Sigma; P9599], and 1% [v/v] phosphatase inhibitor cocktail 3 [Sigma; P0044]) for 5 min. After centrifugation at 18,000g at 4°C for 15 min, the protein concentration was quantified via the manufacturer's protocol. Equal amounts of lysate (300 mg) were separated on a 10% (w/v) SDS-PAGE gel and then blotted onto a polyvinylidene difluoride membrane (0.45 mm; Millipore) that was analyzed with the phospho-AMPKa (Thr-172) polyclonal antibody (Cell Signaling Technology), which recognizes the highly conserved sequence of phosphorylated SbSnRK1 or PKIN1.
Assays of AGPase, SS, and SPS were performed according to Li et al. (2002) . The metabolites were measured as reported previously (Horst et al., 2010; Debast et al., 2011) .
Statistical Analyses
Biological triplicates were used for each measurement, except that five replicates were used for enzyme activity analysis, and the data are presented as means 6 SD. Regression analysis of the data were conducted using the Microsoft Excel program (Microsoft Office 2003) . The significance between treatments was tested by Student's t test with the software SPSS20.0 for Windows (SPSS).
Sequence data from this article can be found in the GenBank data libraries under the following accession numbers: SbSnRK1a (KC184124), SbSnRK1b (KF366002), StubSNF1 (AF143743), StubGal83 (AJ012215), PKIN (X95996.1), StInvInh2B (GU321342), StvacINV1 (AY341425), GRIK1 (NM_001203084), StSnRK1a (KR069088), StSnRK1b (KR069089), ef1a (AB061263), Capsicum annuum SnRK1 (HQ176416.1), Nicotiana attenuata SnRK1 (AY462018.1), tobacco NPK5 (BAA05649.1), Glycine max SnRK1 (XP_003552545.1), Pisum sativum SnRK1 (CAI96819), Arabidopsis AKIN11 (CAA67671.1), Zea mays AKIN10 (EU961757.1), tomato Gal83 (NP_001266255.1), N. attenuata GAL83 (AAS19201.1), Theobroma cacao AMP-activated protein kinase b-2-subunit protein isoform 1 (XP_007016710.1), P. sativum SNF1-related protein kinase regulatory b-subunit 1 (CAI96820.1), Arabidopsis lyrata AMP-activated protein kinase (XP_002871972.1), Arabidopsis SNF1-related protein kinase regulatory subunit b-1 (NP_197615.1), and Arabidopsis AKIN-g (CAB64718.1).
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